The newly discovered Magushan Cu-Mo polymetallic deposit, located in southeastern Anhui, eastern China, is a middle-scale skarn-type polymetallic deposit with different ore types of veinlets-disseminated skarn (the primary type), quartz veins, and porphyry. LA-ICP-MS zircon U-Pb analyses yielded a crystallization age of 135.7 ± 1.5 Ma for the ore-related granodiorite in Magushan. The granodiorites are I-type granites in nature, characterized by metaluminous and high-K calc-alkaline characteristics. They are enriched in large ion lithophile elements (LILEs, e.g., Ba, Th, and U) and light rare earth elements (LREEs), and depleted in high field strength elements (NFSEs, e.g., Nb, Ta, and Ti) and heavy rare earth element (HREEs), with slightly negative Eu anomalies (Eu/Eu* = 0.81-0.86). These granodiorites show high Mg# (mainly > 40) values, high MgO (1.73-1.96 wt. %) and low Na2O (<4.21 wt. %) contents, with whole-rock ( 87 Sr/ 86 Sr)i ratios (0.708877 to 0.710398), negative εNd(t) values of −5.4 to −5.2, and negative zircon εHf(t) values of −4.60 to −1.37, with old two-stage Hf model ages (TDM2) between 1.2-1.5 Ga. Besides, they are characterized by high radiogenic Pb isotopic compositions with ( 206 Pb/ 204 Pb)i = 18. and ( 208 Pb/ 204 Pb)i = 38.77-38.87. These granodiorites are characterized by high zircon Ce 4+ /Ce 3+ ratios (average 893) and Eu/Eu* ratios (average 0.51), indicating high magmatic oxygen fugacities. The distinct geochemical and isotopic features suggest that the Magushan granodiorites could be formed by metasomatized mantle-derived magmas, mixing with materials from Neoproterozoic crust that is widely distributed in the Southern Anhui. This study concludes that the formation of the Magushan Cu-Mo polymetallic deposits may largely depend on an oxidizing environment and multi-sources mixed of mantle-and crust-derived materials.
Introduction
The Lower Yangtze region (LYR), located on the eastern segment of Yangtze block, can be separated into two important metallogenic belts: Jiangnan Tungsten belt (JNB) in the south and the Middle-Lower Yangtze River Metallogenic belts (MLYRB) in the north, which are bounded by the Yangxing-Changzhou Fault (YCF) (Figure 1 ). MLYRB is distinguished by the widespread porphyryand skarn-type Cu-Au-Fe-Mo deposits, related to the Mesozoic I-type or adakitic granitoids [1] [2] [3] [4] [5] , whereas the JNB is famous for the tungsten polymetallic mineralization, with occurrence of many giant to large-scale tungsten polymetallic ore deposits, e.g., Zhuxi [6] , Dahutang [7] , Yangchuling [8] , Dongyuan [9] , and Xiaoyao [10] . Recently, a variety of large-and medium-sized Cu-Mo polymetallic deposits have been discovered and explored within the Jiangnan Fault region (JNF) between the MLRYB and the JNB, such as Matou Cu-Mo deposit [11] , Jitoushan Cu-Mo-W deposit [12] , Anzishan Cu-Mo deposit [13] , Pailou Mo-Au deposit [13] , and Magushan Cu-Mo deposit, showing great ore-prospecting potentials in the region. However, the Cu-Mo polymetallic mineralization and related granitic magmatism have been not well constrained. As reported by previous studies, the large-scale magmatism in this region mainly occurred in the Yanshanian and could be sub-divided into two groups, i.e., 155-135 Ma and 134-120 Ma. The early group is mainly composed of peraluminous to metaluminous and high-K calc-alkaline series (I-type) granodiorite and monzonitic granitoids [9, 11, [14] [15] [16] , whereas the second group consists of monzonitic granites and syenites with peraluminous calc-alkaline geochemical signatures, which is regarded to be A-and S-type granite [17] [18] [19] [20] [21] . Besides, the ore-forming ages of Cu-Mo polymetallic deposits mainly range from 150 to 135 Ma in this region, indicating that these deposits have genetic links with the early stage granitic rocks [13, 21, 22] . However, the magma origin of these granitic rocks and tectonic evolution of the Jiangnan Fault region (JNF) have been argued in the past decade [11, 13, 16, 21, 23] ; therefore, the genesis of these granitic rocks and related Cu-Mo deposits remain unclear.
The Magushan skarn Cu-Mo deposit (Figure 1) , located in the Jiangnan Fault region (JNF) between the JNB and the MLYRB, is a newly exploited skarn-type polymetallic deposit with 73 Kt of Cu (grade range of 0.6-1.2%) and 8 Kt of Mo (grade range of 0.06-1.2%). It provides an ideal area to study the granitic magmatism and related Cu-Mo metallogenesis in the Jiangnan Fault region (JNF). However, since this deposit is newly founded and explored, few studies have been carried out, and the age and petrogenesis have not been well constrained. Therefore, we have taken detailed geochronological and geochemical studies of the Magushan granodiorites, including precise zircon U-Pb dating, in-situ zircon Lu-Hf isotope, and whole-rock geochemical and Sr-Nd-Pb isotopic analyses, in association with previous studies on other skarn-porphyry type Cu-Mo polymetallic deposits in the JNF region (Table 1) , to reveal the petrogenesis and tectonic significance of the granodiorite and its relationship with large-scale Cu-Mo mineralization in the Magushan area. 
Geological Setting

Regional Geology
The Jiangnan Fault region (JNF) between the Middle-Lower Yangtze River Metallogenic belts (MLYRB) and Jiangnan Tungsten belt (JNB) is on the southeastern segment of the Yangtze Block, north of YCF. The JNF region and its adjacent area are mainly underlain by the Neoproterozoic basement (Shangxi and Likou Groups, composed of volcanic rocks and epimetamorphic rocks in southern Anhui province) [26, 27] . It has endured Jinningian, Caledonian, Hercynian, Indosinian, and Yanshanian multiple stages of tectonic movements and tectonic evolution. Indosinian and Yanshanian movements controlled the tectonic framework in this region [21] . The main units consist of Silurian to Early Triassic marine sedimentary strata and carbonate rocks, Middle Triassic to Early Jurassic marine and terrestrial sedimentary rocks, and Early Cretaceous evaporites, volcanic rocks, and red beds [28] . Indosinian-Yanshanian tectonic movements in this region produced a series of NEtrending complex folds (syncline and anticline), faults (e.g., Gaotan Fault, Jiangnan Fault, Ningguo-Jixi Fault, Zhouwang Fault, and Qimeng-Qiankou Fault). These structures have significant impacts on the emplacement of Mesozoic granites and the related ore deposits [8, 10, 12, 21] . During the Yanshanian stage, this area became active again with extensive magmatism in the intraplate setting [1] .
Magmatic activity in this region is dominated by the Jinningian and Yanshanian granitic magmatism. The Jinningian granitic intrusions can be sub-divided into two groups. The early group (850-832 Ma) mainly consists of granodiorite, which are mostly S-type granites, such as the Xucun (850 Ma), Xiuning (832 Ma), and Shexian (838 Ma) plutons [14, 19, 26] . The latter group, with ages of 823-785 Ma, mainly occurs as granite porphyry and moyite, belonging to high-K calc-alkaline series A-type granites, such as Lingshan (823 Ma), Lianhuashan (814 Ma), and Shiershan (785 Ma) granites [14, 19, 29] . Practically, the Yanshanian igneous rocks are widely distributed in the Jiangnan Fault region (JNF), which manifested as complex plutons, clearly controlled by fault zones [14] . Numerous polymetallic deposits are associated with intermediate-felsic magmas and hydrothermal activity in the JNF region [23] . Ore deposits in the region include porphyry, skarn, and hydrothermal vein types.
Geology of Deposit
The Magushan Cu-Mo deposit is a middle-scale skarn-type polymetallic deposit located in the southeastern Anhui province (Figure 2a ). The stratum sequences outcropped in this area mainly comprise the middle-upper Carboniferous Huanglong, Chuanshan Formations, and Permian Qixia Formation (Figure 2b ). Affected by multi-period tectonic movements, large numbers of secondary folds and NE-trending faults were developed in the Magushan anticline, accompanied by many secondary faults including decollement structures. The most important structures are the decollements in Magushan overturned anticline, which control the location and shape of ore-bodies ( Figure 2c ). Two copper and molybdenum ore bodies, occurring in the contact zones between the granodiorites and Carboniferous limestones, were exploited in the Magushan deposit, with 0.6-1.2 wt. % of Cu and 0.06-1.2 wt. % of Mo. The alteration of the Magushan deposit consists of silicification, serpentinization, skarnization, K-feldspathization, and marmarization. Chalcopyrite, molybdenite, pyrite, and bornite are main ore minerals (Figure 3a 
Methods
Whole-Rock Major and Trace Elements
Whole-rock major and trace elements of fresh samples were analyzed at the Ministry of Land and Resources P.R.C. Hefei Mineral Resources Supervision and Testing Center. They were ground to >200 mesh using an agate mortar. Major elements were determined by XRF spectrometry, and trace and REE elements solutions were determined by an Elan DRC-II (Element, Finnigan MAT) inductively coupled plasma mass spectrometry (ICP-MS). Details of the analytical method used are described by [30] . The analytical precision of major, trace, and REE elements was generally better than 5% (2σ).
Zircon U-Pb Isotopes Analyses
Zircon grains were separated from fresh granodiorites, handpicking using a binocular microscope, and then mounted in epoxy resin and polished under buffing machine. The reflected light images of the zircon grains were photographed, and cathodoluminescence (CL) images of the zircons were taken under microanalyses to select the U-Pb dating points at CAS Key Laboratory of Crust-Mantle Materials and Environments in University of Science and Technology of China (USTC). Zircon U-Pb dating and synchronously trace element analyses of zircons using by LA-ICP-MS were conducted at the School of Resources and Environmental Engineering, Hefei University of Technology, China. The laser-ablation system was a GeoLas Pro, applied at an energy of 78 mJ, with a spot beam diameter of 32 μm on the frequency of 7 Hz. Helium was used as carrier gas sampling ablation aerosols to the ICP for Analysis. External calibration were SRM 610 glass and Temora zircons standards and 29 Si used as the internal standard. Off-line selection and analyses of trace element and U-Pb dating were performed by ICPMSDataCal 9.6 [31] . Concordia diagrams and weighted mean age calculations were analyzed by Isoplot/Ex_ver3 [32] . All errors are quoted as 2σ.
Zircon Lu-Hf Isotopes
In-situ Lu-Hf isotopes were measured at the State Key Laboratory of Continental Dynamics in Northwest University, using a Nu Plasma II MC-ICP-MS. The detailed instrumental parameters were described by [33] . The laser-ablated spot beam diameter of was 44 μm, while the constant energy applied was 6 J/cm 2 , and the laser repetition rate was 6 Hz. All error of the Lu-Hf isotope results are reported in 2σ. Details of the calculation method and parameter used for εHf(t) and old model ages were described by [34] [35] [36] .
Sr-Nd-Pb Isotopes
All Sr-Nd-Pb isotopes were measured at the CAS Key Laboratory of Crust-Mantle Materials and Environments in USTC. Sr-Nd-Pb isotope ratios were measured by a Finnigan MAT-262 spectrometer. The precision for Sr-Nd and Pb are better than 0.003% and 0.01%, respectively. More details on analytical methods and procedures were given in [37] .
Results
Whole-Rock Geochemistry
The major-and trace-element results are listed in Table S1 and plotted in [38] . The alkaline and sub-alkaline division are after [39] . (b) K2O-SiO2 diagram for the Magushan granodiorites. The solid line is from [40] . (c) A/NK versus A/CNK diagram for the Magushan granodiorites. A/NK = Al/(Na + K), A/CNK = Al/(Ca + Na + K) (molar ratio). Literature data of granodiorites related with Cu-Mo deposit in the Jiangnan Fault region (JNF) are from [11] and [13] , so are other major and trace elements or geochemical diagrams below. 
Zircon U-Pb Geochronology and Trace Elements
The U-Pb isotopic data of zircon grains from a granodiorite sample (MGS01) are listed in Table S2 . Cathodoluminescence (CL) images show typical oscillatory zonings (Figure 6a ). In addition, the analyzed zircons are transparent, colorless, euhedral, with a length of 100-200 μm and length/width ratios of 2:1 to 4:1. The zircon Th/U ratios of 0.46-0.81 (Table S2 ) again support a magmatic origin [42, 43] . The measured 206 Pb/ 238 U ratios yield a weighted mean age of 135.7 ± 1.5 Ma (MSWD = 0.62, n = 22), which represents the crystallization ages of the Magushan granodiorite (Figure 6b ). Most of the zircons from the Magushan granodiorites also have the same REE distribution patterns with depleted LREE and enriched HREE, obviously positive anomalies of Ce and weak negative Eu anomalies. The calculated zircon Eu/Eu* (0.42-0.66, average 0.51) and Ce 4+ /Ce 3+ ratios (548-1409, average 893) [44] , and TTi-in-zircon values (667-735 °C) [45] of the Magushan granodiorites are listed in Table S3 and shown in Figure 13b ,c.
Zircon Lu-Hf Isotopes
The analyzed zircon Lu-Hf isotopic compositions of the granodiorite are listed in Table S4 . Zircon 176 Hf/ 177 Hf ratios are relatively homogeneous, with values between 0.000784 and 0.001398, (mean = 0.001088). The calculated εHf(t) values are negative and range from −4.60 to −1.37 (mean = −2.88, Figure 7 ). The Hf-depleted mantle model ages are between 859 and 985 Ma, and the two-stage model ages range from 1280 to 1468 Ma. [26] and [27] . Data for the Kongling Group are from [46] and [47] . Data for the Douling complex are from [48] .
Sr-Nd-Pb Isotopes
The Sr-Nd-Pb isotopic results of the Magushan granodiorites are shown in Table S5 . The Sr-Nd isotopes of these rocks show high ( 87 Sr/ 86 (Figure 9, [49] ). These compositions are obviously different from those of lower continental crust (LCC), upper continental crust (UCC), high-μ mantle (HIMU) [49] , and lower continental crust-derived Dabie adakites [50] . [52] . Neoproterozoic basement (Shangxi low-grade metamorphic rocks and Neoproterozoic magmatic rocks in the eastern Jiangnan Orogen) with Sr = 150 ppm, Nd = 27 ppm, 87 Sr/ 86 Sr(t) = 0.7175, and εNd(t) = -8.75 [53] ; Archean Kongling Group with Sr = 315 ppm, Nd = 39 ppm, 87 Sr/ 86 Sr(t)) = 0.7177, and εNd(t) = −36.4 [54, 55] . Data source: Dabie adakites [50, 56] , Tongling adakitic rocks [57, 58] , Granodiorites from the JNF region [11, 13, 23] , Granodiorites from Jiangnan W-Mo belt [6] [7] [8] 10] , PM, EM-1, and EM-2 [49] . 
Discussion
Ages of the Magushan Granodiorites
In the last few years, systematic geochronological studies have revealed the relationship between Late Jurassic-Early Cretaceous magma activity and mineralization in the MLYRB and the JNB [4, 5, 17, 21] . Three stages of magmatism were identified in the MLYRB: (1) first stage (148-135 Ma), adakitic rocks related to Cu-Au polymetallic deposits, (2) second stage (134-129 Ma), sub-alkaline to alkaline mafic to intermediate volcanic/sub-volcanic rocks associated with magnetite-apatite deposits, and (3) third stage (128-124 Ma), A-type granitoid associated with a few uranium and gold mineralizations [4, 5, 52, 61] . In contrast, the JNB can be divided into two sub-stages: (1) mainly calc-alkaline I-type granitoids related to W-Mo-Cu mineralization (155-135 Ma) and (2) mainly ore-barren A-type granite (porphyry) and syengranite (134-124 Ma) [17, [20] [21] [22] 62, 63] . Recently, several rock-and oreforming ages for the granitic rocks and related Cu-Mo mineralization in the Jiangnan Fault region (JNF) were reported, for instance, the Matou Cu-Mo deposit with rock-forming age of ca.149 Ma and ore-forming age of ca.150 Ma [13] , the Jitoushan Cu-Mo-W skarn deposit with ca.138 Ma rock-forming age and 136.6 ± 1.5 Ma ore-forming age [12] , and the Tongshan Cu deposit with rock-forming age of 147.5 ± 2.3 Ma and ore-forming age of 150 ± 1.5 Ma [64] . These ages further indicated that Cu-Mo polymetallic mineralizations in the JNF are closely related to the first stage magmatic activity. In this study, we reported that the zircon U-Pb age of the Magushan granodiorite is 135.7 ± 1.5 Ma, which is consistent with the ages of regional magmatism. It indicates that Cu-Mo mineralization in Magushan is likely genetically linked to the Magushan granodiorite.
Petrogenesis of the Magushan Granodiorites
Genetic Type: An I-type Affinity
Previous studies have concluded that granitic rocks can be classified into I-, M-, S-, and A-types on the basis of their respective geochemical signatures [65] [66] [67] . Identifying the genetic type of igneous rocks is meaningful for origin and process of magma, and tectonic setting [68] . Notably, the Magushan granodiorites show some parallel geochemical features with other Mesozoic adakite-like rocks occurred in the MLYRB (e.g., Anqing, Edong-Jiurui and Tongling region). However, the Magushan granodiorites also display clearly distinct geochemical characteristics (low Nb and Sr contents and Sr/Y ratios, high ISr, low εNd(t) and εHf(t) values of zircon) compared to these adakite-like rocks, suggesting different petrogenesis for the magmas. The Magushan granodiorites have comparatively low Sr/Y ratios and (La/Yb)N values (12.97-27.93, and 8.31-10.47, respectively) , showing that these samples belong to typical arc rocks (Figure 10f ). They also have high contents of CaO and Na2O (Table S1 ), and relatively low A/CNK ratios (Figure 4c) , showing the feature of I-type granite. Meanwhile, the Magushan granodiorites are plotted in the field of unfractionated M-, S-, Itype granites in the (Na2O + K2O)/CaO vs. (Zr + Nb + Ce + Y) diagram (Figure 10a ). It is notable that the granodiorites have low P2O5 content and negative correlation between the P2O5 and SiO2 (Figure 10b) , consistent with the I-type granite in the Lachalan Fold Belt, Australia [67, 69] . In addition, the low concentrations of Zr (149-195 ppm) and moderate Sr concentrations (291-602 ppm) of these samples imply that they most likely belong to the I-type granite, rather than adakite or A-type granites (Figure  10c,e) . Moreover, the granodiorites have low Th contents, and show a clear positive correlation with the Rb contents (Figure 10d ), which is a common feature of the typical I-type granite [70] . Thus, we propose that the Magushan granodiorite can be classified as high-K calc-alkaline I-type granitoids. [71] ) for the Magushan granodiorites. The A-type and I-type granite division is after [66] . The A-type, I-type and adakite division is after [63] .
Petrogenesis
It is well accepted that I-type granitoids in the JNF region are closely related to the Cu-, Mobearing skarn-porphyry mineralization, whereas the genesis and origin of these granitoids are still controversial topics [12, 16, 21, 72] . Several models have been presented to interpret the formation of these granites: (1) partial melting of oceanic crust [8] or the thickening lower crust [52, 72] ; (2) fractional crystallization (FC) of basaltic magma with crustal contamination [12, 21, 73] ; and (3) melting of continental crust with involvement of mantle components [10, 11, 23] or formed by metasomatized mantle-derived magma with addition of Neoproterozoic continental crustal materials [13] .
Firstly, evidences for the models of partial melting of the thickening lower crust and/or oceanic crust is inadequate for the Magushan granodiorites. They also have higher ( 87 Sr/ 86 Sr)i ratios (0.708877 to 0.710398), lower εNd(t) (−5.4 to −5.2) and zircon εHf(t) (−4.60 to −1.37) than those of thickened lower crust (Dabie adakites) or slab-derived adakites ( Figures 7 and 8) , implying that the Magushan granodiorites could not be derived from those origins ( Figures 8 and 9) . Besides, the melts of lower continental crust display low Mg# and copper concentrations [74, 75] , inconsistent with the Magushan granodiorites with evident Cu-Mo mineralization, high MgO contents of 1.73-1.96 wt. % and high Mg# values of 42-51 over than 40. In addition, the Magushan granodiorites have obviously lower Ce/Pb ratios (average 4) than those of oceanic crust (~24) [41] and significantly negative anomalies of Nb-Ta (Figure 5b ). Thus, these characteristics suggest that the Magushan granodiorites are unlikely produced by partial melting of the thickened lower crust and oceanic crust.
On the basis of our geochronological data of the Magushan granodiorite samples, the model of fractional crystallization (FC) of basaltic magma model is also not the best explanation in this case. In Harker diagrams (Figure 11 ), there is no clearly correlation relationship between SiO2 and other oxides, combining with the positive correlation between Ta/Sm values ratios and Ta contents, which is consistent with trend of partial melting, indicating that the partial melting (PM) might be the primary mechanism in controlling the component transformation of the Magushan granodiorites rather than the fractional crystallization (Figure 12b ). In addition, simple log-log diagrams of compatible elements and incompatible elements recognize trends of fractional crystallization (FC) or partial melting (PM) [76] . On the Rb versus V diagram (Figure 12a) , indicating PM played a leading role in the chemical variations than FC path. Therefore, the Magushan granodiorites should unlikely be produced by fractional crystallization process.
Therefore, we are inclined to believe that parting melting of the mantle-derived magmas mixing with continental crust components is the most suitable explanation for the genesis of the Magushan granodiorites, as well as other granitoids that are associated with Cu-Mo mineralization in the JNF region. The relatively high (La/Yb)N and Eu/Eu* ratios of the Magushan granodiorites reveal that they belong to the crust-mantle type granitoids (Figure 12f ). In addition, the positive correlation between the 87 Sr/ 86 Sr values and SiO2 (Figure 12c ), and Ce/Yb and Ce (Figure 12d ) also indicate a magma mixing origin.
The Hf isotopic analyses of the Magushan samples suggest that all of the zircon grains have low Hf isotopic values and ancient Hf model ages, with εHf(t) values of −4.60 to −1.37 (average −2.88) and the two-stage Hf model ages of 1280-1468 Ma. They correspond to the evolution array of the Neoproterozoic intrusive rocks as a response to Neoproterozoic crustal growth within the Lower Yangtze Craton (Figure 7 ), suggesting that the magmatic source of the Magushan granodiorites has a large proportion of Neoproterozoic crustal materials [77] .
The geological characteristics of the Magushan granodiorites indicate the mantle-derived component was also involved in the parent magma. The Magushan granodiorites have relatively higher MgO (1.73-1.96 wt. %) and Mg# (42.8-51.4 ) than those granites formed from Neoproterozoic crust with additional mantle in Jiangnan W-Mo belt (Figure 12e ), implying the involvement of mantle materials. Importantly, the higher εNd(t) and lower 87 Sr/ 86 Sr than the Sr-Nd isotopic compositions of the Neoproterozoic basement (Shangxi Group) can be observed (Figure 8 ). In addition, those isotopic compositions are clearly different from the Neoproterozoic basement (Shangxi Group) and the metasomatized enriched mantle in MLYRB, proposing that the granodiorites were unlikely formed from partial melting of lower crustal material directly as well as those granites in the JNF region.
Alternatively, the mantle material should be involved in the source of the granodiorites. Besides, the Magushan granodiorites show comparatively high radiogenic Pb isotopic compositions, plotted in the field of MORB and near the EM-2 end-member. These isotopic features suggest that the metasomatized enriched mantle could also largely contribute into the magmatic source of the Magushan granodiorites, similar to the conditions of MLYRB adakitic rocks [52, [78] [79] [80] . Therefore, the magmatic source of Magushan granodiorites may be a mixture of two end-members, i.g., the Neoproterozoic basement (Shangxi epimetamorphic rocks and Neoproterozoic igneous rocks with εNd(t) values of −8.75 [53] ) and the metasomatized enriched mantle (identified as NNS formation volcanic rocks from [52] ). Meanwhile, most of the granodiorite samples are plotted on the mixing curve line of the enriched mantle (EM) and Neoproterozoic basement (Figure 8 ). They show similarities with Cu-Mo related granodiorites in the JNF region are slightly different from those granites in the Jiangnan W-Mo belt, which were proposed to be mostly derived from Neoproterozoic crustal basement with a small amount of mantle material added [6, 8, 10, 81] . Binary mixing model calculation results show that about 55% enriched mantle and 45% additional Neoproterozoic basement materials are involved in the magma source of Magushan granodiorites (Figure 8 ). All of these observations propose that the Magushan high-K calc-alkaline I-types granodiorites associated with the Cu-Mo mineralization were originated from the partial melting of metasomatized enriched mantle-derived magmas mixing with Neoproterozoic crustal components. 
Physical-Chemical Conditions of Magma
Temperature and oxygen fugacity are important indexes for the magma because it can have a huge influence on nature, melting processes, and behavior of the multivalent elements of magma [82, 83] . Zircon forming temperature is the main factor that influence the Ti content of zircon, and the thermometer of Ti-in-zircon has been generally applied to verify evolution or metamorphism of the magma [84] . Based on the model proposed by [84] , the calculated Ti-in-zircon temperatures of the Magushan granodiorites range from 667-735 °C (average 704 °C), suggesting the crystallization temperature of the Magushan granodiorites.
As zircon is stable, refractory and impervious to late-stage hydrothermal activity, the calculated zircon Ce 4+ /Ce 3+ and log fO2 values are good pointers of the magmatic oxygen fugacity [85] [86] [87] , The calculated log fO2 values of magmatic zircons (Figure 13a ) follow the method of [85] range from −17.42 to −19.14, mainly falling within the filed between magnetite-hematite (MH) and fayalite-magnetitequartz (FMQ) buffers (Figure 13b ), suggesting high oxygen fugacities of these magma. Meanwhile, the calculated zircon Ce 4+ /Ce 3+ values (548-1409, average 893) and Eu/Eu* ratios (0.42-0.66, average 0.51) of the Magushan granodiorites ( Figure 13c ) also indicate that these intrusions were formed under a high-fO2 environment. Figure 13 . Plot of (a) Zircon chondrite-normalized REE diagrams, (b) log fO2 vs. T (°C) and (c) Ce 4+ /Ce 3+ value vs. Eu/Eu* value of zircon samples from the Magushan granodiorites. Zircon Ce 4+ /Ce 3+ and Eu/Eu* values are calculated using the method of [85] . MH: magnetite-hematite buffer, FMQ: fayalite-magnetite-quartz buffer, IW: iron-wustite buffer. Data source: Granodiorites from the Jiangnan Fault region (JNF) [11, 13] , Granodiorites from Jiangnan W-Mo belt (unpublished data).
Tectonic Setting of Magmatism and Cu-Mo Mineralization
It was well accepted that eastern China was an active continental margin in the Late Mesozoic and was closely related to the subduction of the Paleo-Pacific oceanic plate, leading to the widespread of Late Mesozoic igneous rocks [88] [89] [90] [91] [92] [93] . Three stages of the Late Mesozoic magmatism were identified [94] : (1) initial arc rifting type magmatism occurring in intraplate setting at the Early Yanshanian; (2) continental margin igneous tectonic setting at the early Late Yanshanian; and (3) volcanism occurring in extensional setting at the Late Yanshanian stage. In the tectonic discrimination diagrams (Figure 14) , the Magushan magmatic rocks in the JNF were mostly plotted in the field of volcanic arc granite (VAG). Combined with the formation age of the Magushan granodiorites, it is suggested that these granodiorites were formed at an active continental margin, linked to subduction of the Paleo-Pacific oceanic plate [11, 13, 16, 23] . Furthermore, the Magushan granodiorite have high Y/Nb ratios (generally >2), enriched light REEs, and LILEs, and depleted HFSEs and heavy REEs ( Figure 5) , showing the typical feature of subduction-related magmas [75, 95] .
The Cu-Mo polymetallic mineralization is genetically linked to the I-type granodiorites in the JNF both in time and space [11] [12] [13] 16, 23] . It is widely accepted that large-scale Cu-Mo polymetallic mineralization is closely related to high oxygen fugacity magmas in usual [44, 78, 82, 83, [96] [97] [98] [99] . Generally, highly oxidized magmas can control the behavior and speciation of sulfide, and the behavior of copper is controlled by sulfur [99] . During partial melting, sulfur could be extracted in the form of sulfate under high oxidizing environment, liberating more chalcophile elements (e.g., Cu, Au) and keeping the melt sulfide under-saturated, therefore elevating further Cu-Mo multi-metallic mineralization [100, 101] . Importantly, the metasomatized enriched mantle has not only higher Cu and S contents but also have high fO2 relative to DMM, thus producing more Cu-S bearing magmas during melting processes [13, 78, 80, 89] . The Magushan granodiorites have higher oxygen fugacities than granites from Jiangnan W-Mo belt that were proposed to be derived from Neoproterozoic crustal basement with a small quantity of additional mantle materials (Figure 13c ), indicating more mantle components were added in the source. Therefore, the Magushan granodiorites may be more closely related to large Cu-, Mo-polymetallic mineralization than other granites in the Jiangnan Fault region (JNF). Based on the evidence provided in this study, a simplified geodynamic model involving slab subduction is proposed for the formation of the Magushan deposit ( Figure 15 ). Before ca.148 Ma, the Paleo-Pacific oceanic plate subducted beneath the continental lithosphere of the Yangtze Block at low angles [52, [88] [89] [90] . Eclogization of the oceanic slab resulted in intense dehydration of the subducted sediments and oceanic plate under comparatively high P-T conditions. Simultaneously, the overlying mantle wedge was metasomatized by those released fluids, forming an enriched mantle. Due to the change of subduction angle after 148 Ma, the Jiangnan Fault region (JNF) from continental arc margin to an extensional setting led to the upwelling of asthenosphere and partial melting of the metasomatic lithosphere mantle. Sequentially, the magma intruded into the accreted Neoproterozoic crustal units, and further induced partial melting of the Neoproterozoic crust, ultimately forming a mixed magma with high oxygen fugacity. Then, the mixed magma with abundant copper and molybdenum metals ascent to the shallow crust to from the granodiorites, by reacting with surrounding carbonate rocks to finally from the Cu-Mo polymetallic deposits in the Jiangnan Fault region (JNF), including the Magushan deposit. 
Conclusions
Based on geological, geochemical, and geochronological studies of the granodiorites from the Magushan Cu-Mo polymetallic deposit, we draw the following conclusions:
(1) The Magushan granodiorite with affinities of metaluminous to slightly peraluminous, high-K calc-alkaline I-type granite was formed at ca. 135.7 Ma of Early Cretaceous, they were proposed to be formed by metasomatized mantle-derived magma mixing with Neoproterozoic crustal components.
(2) The formation of the Cu-Mo polymetallic deposits in the Magushan area may be closely related to a mantle-crust mixed source that has high oxygen fugacities caused by Paleo-Pacific oceanic plate subduction.
